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AP-2a is a member of a family of transcription factors
expressed in cells of the epithelial and neural crest
lineage. AP-2a plays an essential role in embryonic
development and in regulation of epithelial gene tran-
scription. To further characterize the role of AP-2a in
skin biology, we assessed its expression in the skin of
C57BL/6J mice during de¢ned stages of hair follicle
morphogenesis and cycling. During early hair follicle
morphogenesis, AP-2a was upregulated in the epider-
mal placode, in the basal keratinocytes of the hair folli-
cle bud, and then in the inner root sheath.The follicular
papilla cells underwent a brief upregulation of AP-2a
expression during the initiation of hair shaft formation
and active hair follicle downward growth. Completion
of hair follicle morphogenesis was associated with a
marked reduction of AP-2a immunoreactivity in the
lower portion of the hair follicle including both epithe-
lial and mesenchymal compartments. In adolescent
mouse skin, consistently strong AP-2a expression was
found in the basal keratinocytes of the epidermis, in
the hair follicle infundibulum, and in the sebocytes.
In the follicular papilla, AP-2a was weakly expressed
in telogen, signi¢cantly upregulated in early anagen,
then gradually declined, and reappeared again in mid-
dle catagen. In the inner root sheaths, AP-2a expression
was detected during early and middle anagen and dur-
ing middle catagen stages. Prominent AP-2a expression
was also seen in the zone of club hair formation. There-
fore, AP-2a upregulation in both epithelial and mes-
enchymal hair follicle compartments was coordinated
with initiation of major remodeling processes. Our
¢ndings support the use of the hair follicle as a model
to explore the role of AP-2a in physiologic remodeling
of developing organs and in reciprocal ectodermal^me-
senchymal interactions. Key words: catagen/club hair/
follicular papilla/IRS. J Invest Dermatol 121:13 ^19, 2003
A
ctivator protein 2 (AP-2) is a family of DNA-bind-
ing transcription factors that consists of four iso-
forms, a, b, g, and d, encoded by distinct genes
(Williamson et al, 1996; Zhao et al, 2001). These pro-
teins are characterized by a large, approximately 200
amino acid, C-terminal DNA binding domain comprising a ba-
sic region necessary for DNA binding and a dimerization motif
of novel structure containing two amphiphilic a helices separated
by a large intervening span region and termed helix^span^helix
(Williams and Tjian, 1991). Formation of stable homodimers or
heterodimers between AP-2 family members is required for
DNA binding. All AP-2 proteins recognize a consensus sequence
located upstream from theTATA box in the regulatory regions of
a number of cellular and viral genes (Zhao et al, 2001). Both the
dimerization and DNA binding motifs are highly conserved
among AP-2 family members in di¡erent species, thus suggesting
a fundamental role of these proteins as regulatory factors
(Williamson et al, 1996).
Whereas AP-2 proteins are important in adult vertebrates, e.g.,
in the regulation of placenta-speci¢c gene expression including
lactogen and chorionic gonadotropin (Richardson et al, 2000),
their most critical function is thought to be in early vertebrate
development (Mitchell et al, 1991). High AP-2 expression is char-
acteristic for tissues undergoing complex morphogenetic changes,
principally for the developing neural crest, kidney, eye, cranial
skeleton, epidermis, and limb buds (Leask et al, 1991; Mitchell
et al, 1991; Schorle et al, 1996; Zhang et al, 1996). The disruption of
the AP-2a gene in mice leads to multiple defects in the formation
of these organs and results in perinatal lethality (Schorle et al,
1996; Zhang et al, 1996). Interestingly, the developmental pro-
grams a¡ected in AP-2a knockout animals show a signi¢cant
overlap with those sensitive to teratogenic levels of retinoic acid
(Nottoli et al, 1998), and treatment of keratinocyte cell cultures
with retinoic acid resulted in a premature downregulation of
AP-2a mRNA levels (Wanner et al, 1996), thus suggesting a link
between AP-2a and the retinoic acid mediated developmental
regulatory pathways.
AP-2a has multiple functions in the skin. It regulates epithelial
gene transcription in vitro, and several genes expressed in the epi-
dermis, including involucrin, dioxin receptor (AhR), K1, K4,
K6b, and laminin B1, have AP-2 binding sites in their 50 -up-
stream promoter regions (Vuolteenaho et al, 1990; Leask et al,
1991;Wanner et al, 1996). Recently, it was shown that AP-2 bind-
ing sites are critical in the regulation of expression of basal kera-
tins K5 and K14 in strati¢ed epithelia (Sinha et al, 2000). AP-2 is
also implicated in the transcriptional control in ¢broblasts (Duan
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and Clemmons, 1995). Fibroblasts lacking AP-2a display retarded
growth but no enhanced apoptosis (P¢sterer et al, 2002). Based on
expression studies in normal and lesional (psoriasis and squamous
cell carcinoma) human epidermis it was suggested that AP-2a is
associated with keratinocyte proliferation rather than di¡erentia-
tion (Oyama et al, 2002), whereas other studies showed the impli-
cation of AP-2a activity in regulation of early steps of
di¡erentiation as well (Mazina et al, 2001). Recently it was found
that the transition of melanoma to the metastatic phenotype is
associated with a loss of AP-2a expression, and inactivation of
AP-2a contributes to melanoma progression (Gershenwald et al,
2001), thus suggesting a role of AP-2a in skin carcinogenesis.
Despite these lines of evidence, there is still no clear under-
standing of the functional signi¢cance of AP-2a in skin biology
and pathology. The pathways of AP-2a activation and its im-
mediate cellular and molecular targets in the skin remain un-
known. An instructive model is needed that allows the
addressing and dissecting of the role of AP-2 in cutaneous biol-
ogy, both during development and in the adult mammalian or-
ganism. The hair follicle (HF) is uniquely suited as such a model,
as it represents a continuously remodeled ectodermal^mesoder-
mal interaction system, which is easily accessible and amenable
to experimental manipulation (Hardy, 1992; Stenn and Paus,
2001). HF cycling recapitulates patterns of embryonic follicle
development (Hardy, 1992), and the HF epithelium shares a
common ancestor (the ectoderm) with the nervous system (Hol-
brook and Minami, 1991), where AP-2a is a key transcription fac-
tor (Philipp et al, 1994). Therefore, it is reasonable to hypothesize
that AP-2a might be involved in the regulation of the cyclic
transformations of the HF.
As a ¢rst step towards understanding the role of AP-2a in HF
biology, we have characterized the spatio-temporal expression
pattern of AP-2a protein in situ during mouse HF morphogenesis
and cycling. AP-2a expression was assessed by immunohistology
in the skin of neonatal laboratory mice as well as in adolescent
mouse skin during de¢ned stages of the natural and depilation-
induced HF cycles (Paus et al, 1990).
METHODS
Neonatal C57BL/6 J pups at days 1^5 postpartum, young animals between
days 15 and 40 postpartum, and 7-wk-old females with a normal fur coat
and normal HF cycling behavior were used in this study in order to obtain
a complete bank of samples representing all stages of HF morphogenesis
and cycling. For HF morphogenesis, neonatal skin was harvested at days 1,
2, 3, and 5 postpartum. For natural, spontaneously induced hair cycle (cata-
gen^telogen^anagen^catagen), skin samples were taken at days 15, 17, 19, 22,
25, 30, and 40 postpartum. For HF cycle induction, 8-wk-old females with
all back skin follicles in telogen were depilated with a wax and rosin mix-
ture (Paus et al, 1990). Dorsal skin was harvested during de¢ned HF cycle
stages (days 0, 3, 5, 12, and 18 post depilation corresponding to telogen, ana-
gen II, IV, VI, and catagen, respectively). All skin samples were sectioned
parallel to the vertebral line in order to obtain longitudinal HF sections.
Three mice were studied for each stage of HF morphogenesis and cycling.
The skin samples were embedded in Tissue-Tek medium (Miles, Elkhart,
IN) immediately after harvesting and were frozen in liquid nitrogen for
storage at ^701C. Air-dried 6 mm cryostat sections were collected on si-
lane-coated slides and ¢xed in cold acetone (^201C) for 10 min (Harlow
and Lane, 1988).
For AP-2a immunohistochemistry, acetone-¢xed frozen sections were
presoaked inTris-bu¡ered saline and successively treated with 10% normal
goat serum (Dako). After the overnight incubation (room temperature)
with primary rabbit antihuman AP-2a polyclonal antibodies (sc-184, clone
C-18; Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:500,
the sections were treated with rhodamine-conjugated F(ab)2 fragments of
a goat antirabbit IgG (Jackson ImmunoResearch,West Grove, PA) at a di-
lution of 1:200 (1 h; 371C), counterstained with Hoechst 33342 dye (10 mg
per ml) (Sigma, St. Louis, MO), and mounted with Vectashield H-1000
(Vector, Burlingame, CA). Incubation of corresponding mouse skin sec-
tions without primary antibodies and cryostat sections of human scalp skin
were used as negative and positive controls, respectively. Polyclonal anti-
body C-18 is prevalently speci¢c for AP-2a with lower or no a⁄nity for
AP-2b and AP-2g protein (Maytin et al, 1999). The speci¢city of C-18 for
AP-2a has been con¢rmed by comparison of immunohistochemistry re-
sults with in situ hybridization and western immunoblotting data in both
human and mouse tissues (e.g., Maytin et al, 1999; Baldi et al, 2001; Roppo-
nen et al, 2001). For every stage of HF morphogenesis/cycling six slides
(each with one to three dozen well-sectioned HF) obtained from three dif-
ferent animals were analyzed using a £uorescence Zeiss Axioscope micro-
scope with an appropriate set of ¢lters. Photodocumentation was
performed using a digital video camera and Axiovision image analysis soft-
ware (Zeiss,Thornwood, NJ).
RESULTS
AP-2a expression during HF morphogenesis In neonatal
mouse skin, moderate to high AP-2a immunoreactivity (IR)
was seen in the entire basal layer of epidermal keratinocytes
(Fig 1). During the initiation of HF morphogenesis, AP-2a IR
increased in the epidermal placode (Fig 1A, B). In addition, the
corresponding mesenchymal condensation became weaklyAP-2a
positive (Fig 1A^C). At stages 2^3 of HF morphogenesis, the
entire epithelium of the HF bud became AP-2a positive (Fig
1D). With the progression of the downward growth of the HF
and formation of the hair bulb (stages 4^5), the expression in the
lower HF portion gradually declined whereas AP-2a IR
remained high in the upper follicle (future infundibulum) (Fig
1E). The follicular papilla (FP) cells remained weakly AP-2a
positive (Fig 1D, E).
During stage 5 of HF morphogenesis (the initiation of upward
hair shaft growth), three zones of AP-2a IRwere formed in the
HF: the uppermost HF portion (infundibulum), the zone of
sebocyte di¡erentiation, and a newly formed morphogenic zone
that gives rise to the inner root sheath (IRS) (Fig 1F). This
pattern of expression in the IRS persisted over the middle stages
of HF morphogenesis, associated with the formation of speci¢c
hair shaft layers (Fig 1G, H). The initiation of hair shaft
formation and the active invasion of the HF into the dermis
(stages 5^6 of morphogenesis) were also associated with an
increase of AP-2a IR in FP cells (Fig 1H). The nuclei of newly
formed sebocytes were highly positive and their AP-2a
expression remained constantly high over all subsequent stages
of HF morphogenesis and cycling (Figs 1I, 3H).
When HF morphogenesis is completed and all layers of the
hair shaft and epithelial sheaths are formed (stage 7), AP-2a IR
in the FP, outer root sheath, and IRS rapidly declined. In
contrast, in the sebaceous glands and in the epithelial lining
of the HF infundibulum, where an epidermal type of
keratinization is displayed (Kopan and Fuchs, 1989), AP-2a IR
remained persistently high (Fig 1I). The patterns of AP-2a
expression during HF morphogenesis are summarized in Fig 2.
AP-2a expression during the depilation-induced and natural
HF cycles We found no di¡erences in AP-2a expression
patterns between the hair cycle induced by depilation in 8-wk-
old females and the natural, spontaneously initiated hair cycle
that follows HF morphogenesis. Therefore, hereafter in the text,
the term HF cycle is intended to refer to both depilation-induced
and natural cycling of the HF.
The expression of AP-2a in the nuclei of basal keratinocytes of
interfollicular epidermis, in the HF infundibulum, and in the
sebaceous gland epithelium was constant over the entire HF
cycle (Fig 3G, H), similar to the advanced stages of HF
morphogenesis.
In the lowermost portion of the HF, the small population of
epithelial cells just above the FP (secondary hair germ) became
highly AP-2a positive during anagen induction (Fig 3A). With
progression of anagen, AP-2a IR of FP ¢broblasts also
increased, but remained very intense during the anagen IIIb
stage only, until the completion of HF downward growth and
formation of all layers of the hair shaft (Fig 3C). After that, AP-
2a IR in FP ¢broblasts rapidly disappeared.The strong AP-2a IR
14 PANTELEYEV ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
in the hair germ with anagen progression turned into a
moderately or slightly positive hair matrix and highly AP-2a
positive IRS (Fig 3D, F). Of note, some follicles contained
asymmetrical unilateral zones of high AP-2a IR at the hair
matrix periphery (Fig 3E, F). Later, during anagen IV^V stages
of the HF cycle, AP-2a IR in the IRS and in the HF matrix
rapidly declined following a signi¢cant decrease of expression in
the basal layer of the lower portion of the outer root sheath (Fig
3G). Thus, the latest stages of anagen, associated with simple
elongation of the hair shaft (anagen VI), were characterized by a
very low or absent AP-2a IR in the lower portion of the HF
(Figs 3G, 5).
Upon entering the catagen phase, no changes in expression in
these regions of the HF were seen; however, with catagen
Figure1. Expression of AP-2a (red £uorescence) during di¡erent stages of HF morphogenesis in neonatal mouse skin (days 0^5 postpartum).
Cryostat sections (10 mm) were incubated with primary rabbit antihuman AP-2a polyclonal antibodies and then treated with rhodamine-conjugated F(ab)2
fragments of a goat antirabbit IgG. (A) Stage 1 of HF morphogenesis. High AP-2a IR is seen in the epithelial placode. Mesenchymal condensation beneath
the follicle plug is slightly positive (arrow). (B)^(C) Stage 2. Some suprabasal epidermal keratinocytes above the placode are highly positive as well (arrow-
heads). (D) Stage 3. The entire hair plug becomes AP-2a positive while engul¢ng the FP (arrow). (E) Stage 4.With progression of the downward growth of
the HF, AP-2a expression declined in the lower portion but remained high in the follicle infundibulum. (F) Stage 5. Three zones of AP-2a IR are formed
in the HF: the uppermost HF portion (infundibulum) (1), the zone of sebocyte di¡erentiation (2), and a newly formed morphogenic zone that gives rise to
the IRS (3). (G) With initiation of formation of ascending layers of HF, AP-2a expression is most prominent in the IRS cone (white arrowhead). (H) The
early formation of the hair shaft and invasion of the HF into the dermis (stages 5^6 of morphogenesis) were associated with an increase of AP-2a IR in FP
cells. (I) The sebaceous glands, the epithelial lining of the HF infundibulum, and the basal layer of interfollicular epidermis remained persistently AP-2a
positive. be, basal layer of epidermis; ORS, outer root sheath; sg, sebaceous gland. Scale bars: (A)^(E), (H) 23 mm; (F), (G), (I) 35 mm.
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progression (at catagen IV stage) AP-2a IR appeared in the FP
and around the lower end of the hair shaft.With the beginning
of HF involution during middle catagen and upward movement
of the FP, AP-2a IR of FP ¢broblasts rapidly increased and
signi¢cantly exceeded the level of expression during
morphogenesis and anagen stages (Fig 4A, B). Intense
expression was also seen around the forming club hair, in the
zone of trichilemmal keratinization of the outer root sheath, and
in the lowermost portion of the contracting IRS (Fig 4A).
During the catagen^telogen transition, weak or moderate AP-2a
IR was seen in the FP and in the HF epithelium (Fig 4C). In
telogen, AP-2a IR in the FP remained at a low level.
DISCUSSION
During HF morphogenesis there were three zones of intensive
AP-2a expression: the epidermal placode, the HF infundibulum
with di¡erentiating sebocytes, and the IRS, especially at the ear-
liest stages of its formation (stages 4^5 of morphogenesis). The
upregulation of AP-2a expression in the epidermal placode (pri-
mary hair germ; Fig 1A, B) during HF induction in neonatal
mouse skin was similar to upregulation of this protein expression
in the secondary hair germ during the initial stages of anagen in
the skin of adult mice (Fig 3A), thus suggesting a functional ana-
logy between these two processes.
During HF induction, some AP-2a-positive keratinocytes
were localized in the suprabasal layers of the epidermis just above
the epidermal placode and the hair plug (Fig 1A^C). Recently, it
was shown that this region is involved in signi¢cant apoptosis-
associated tissue remodeling during the initial stages of HF mor-
phogenesis (Magerl et al, 2001). AP-2a positivity of these cells
suggests that they may be di¡erent from other suprabasal kerati-
nocytes (mainly AP-2a negative) and may play a role in epi-
dermal remodeling associated with the earliest stages of HF mor-
phogenesis.
In the interfollicular epidermis, active AP-2a IRwas localized
to the nuclei of basal keratinocytes, whereas in the HF infundi-
bulum the nuclei of all keratinocytes were AP-2a positive irre-
spective of their localization. The same expression patterns are
exhibited by basal keratins K5 and K14 (Kopan and Fuchs, 1989;
Schweizer, 1993) whose promoters both contain AP-2 binding
sites (Vuolteenaho et al, 1990; Leask et al, 1991). Recently, it was
shown that most of the transcriptional activity of the K14 gene
is restricted to a 125 bp DNA fragment within the promoter
region. Further, in this particular fragment, an AP-2a binding
site appeared to be the most critical transcriptional element (Sin-
ha et al, 2000). Thus, AP-2a was suggested to be a fundamental
regulator of the expression of K14 that represents a hallmark of
mitotic activity in strati¢ed epithelia. According to our data, in
the mouse HF, the upregulation of AP-2a expression coincides
with zones in which rapid and substantial changes in cellular ar-
chitecture take place: namely, in the epidermal placode during the
induction of HF morphogenesis, in the IRS during the extensive
formation of hair shaft precursor in the anagen III stage, during
the rapid IRS shortening in middle catagen, and in the zone of
trichilemmal keratinization during club hair formation.Taken to-
gether, these data suggest that AP-2a may be a key regulator of
the rearrangement of intercellular integrity and tissue architecture
in the HF.
Figure 2. Schematic representation of the AP-2a IR during successive stages (0^8) of HF morphogenesis in neonatal skin. Red cells represent a
high level of AP-2a expression. Pink cells represent a moderate or low level of AP-2a expression. Gray cells are sebocytes. Arrowheads indicate AP-2a-
positive cells in suprabasal epidermis just above the epidermal placode. dc, dermal condensation; fp, follicular papilla; irs, inner root sheath; irsc, inner root
sheath cone; ml, melanocytes; mx, hair matrix; ors, outer root sheath; sb, sebocytes.
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The asymmetric AP-2a expression in the hair matrix during
the mid-anagen stage of the hair cycle is intriguing. Several stu-
dies have demonstrated the same asymmetrical expression pat-
terns in the hair bulb of mouse follicles for other proteins such
as Shh (St-Jacques et al, 1998), K17 (McGowan and Coulombe,
2000), krox-20 (Gambardella et al, 2000), and transforming
Figure 3. Expression of AP-2a during the anagen stage of the cycle in adolescent mouse skin. (A) Anagen I. Epithelial cells of the secondary hair
germ (arrowhead) exhibit high AP-2a IR. (B) Anagen II^IIIa. AP-2a IR is more prominent in the upper portion of the growing HF. (C) Anagen IIIb.
Upregulation of AP-2a IR in the FP cells. (D) Anagen IV. AP-2a IR in the FP rapidly declined but it remained high in the IRS and moderate in the hair
matrix. (E)^(F) Note the asymmetrical AP-2a expression in the hair matrix (white arrowheads). (G) AnagenV. Decline of AP-2a IR in the lower HF portion.
It remains high in the basal layer of interfollicular epidermis and HF infundibulum. (H) AnagenVI. AP-2a IR is constantly high in the nuclei of sebaceous
gland cells. Scale bars: (C)^(F) 23 mm; (A), (B), (H) 40 mm; (G) 50 mm.
Figure 4. AP-2a expression patterns during the late catagen^telogen phases of the hair cycle. (A) Catagen VI. AP-2a expression is signi¢cantly
upregulated in the FP, lower IRS (white arrowhead), and the zone of trichilemmal keratinization (open arrowhead). (B) CatagenVII. Upon completion of club
hair formation, AP-2a expression in this zone declined (open arrowhead), but it remained high in the lowermost remnants of the IRS (white arrowhead) and in
the FP. (C) CatagenVIII. Moderate to low IR of FP cells and low expression in the HF epithelial compartment. es, epithelial strand; ch, club hair. Scale bars:
35 mm.
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growth factor b receptor type II (Paus et al, 1997).The asymmetric
expression of AP-2a in the HF matrix further supports the re-
cently proposed presence of a speci¢c unilateral cell population
in the bulb of the anagen follicle that may give rise to the hair
germ during the catagen^telogen transition, thus ‘‘predetermin-
ing’’ the HF of the next generation (Panteleyev et al, 2001).
AP-2a expression in the mesenchymal compartment of the HF
is also subject to signi¢cant HF-cycle-dependent changes. Speci-
¢cally, AP-2a expression peaked during the upward and down-
ward movement of the FP in early anagen and late catagen, both
of which are characterized by dramatic remodeling of HF archi-
tecture. Therefore, in this crucial ¢broblast compartment of the
HF, AP-2a upregulation also coincided with substantial intercel-
lular rearrangements. This raises the question whether AP-2a
expression in the FP plays a role in the control of hair-cycle-de-
pendent alterations of FP functions. It has been shown that AP-
2a is involved in regulation of type IVcollagenase activity in cul-
tured ¢broblasts (Frisch and Morisaki, 1990). This enzyme is a
characteristic product of FP cells (Yuspa et al, 1993) and plays an
essential role in remodeling of the collagen compartment during
HF ‘‘invasion’’of the dermis in early anagen (Scandurro et al, 1995;
Stenn and Paus, 2001). It may be productive to determine
whether the upregulation of AP-2a in FP cells in early anagen is
related to the collagenolytic activity of FP ¢broblasts during an
active downward growth of the HF. The possible role of AP-2a
in cycle-dependent changes of FP morphogenic properties is also
of interest.
Furthermore, the upregulation of AP-2a in FP cells during an
active HF remodeling may be associated with the dramatic HF-
cycle-dependent changes in perifollicular vasculature that have
recently been documented in mouse skin (Mecklenburg et al,
2000). The development of the vascular network in anagen and
its regression in catagen are dependent on vascular endothelial
growth factor expression by FP ¢broblasts (Lachgar et al, 1998).
In fact, AP-2a plays an essential role in vascular endothelial
growth factor transcriptional activation (Gille et al, 1997; Bar-Eli,
2001).
In conclusion, our study de¢nes the spatio-temporal expression
patterns of AP-2a protein during mouse HF morphogenesis and
cycling and reveals its association with de¢ned cell structures in
the HF. We show that follicular AP-2a expression is hair cycle
dependent and that it reaches its highest level in the epithelial
and mesenchymal (FP) compartments during the stages of the
major remodeling processes of the HF, speci¢cally, the induction
of HF morphogenesis and anagen growth, the start of hair shaft
formation, apoptosis-driven HF regression during catagen, and
the formation of the club hair. This spatio-temporal expression
pattern is consistent with a role of the AP-2a in regulating tran-
scription of genes involved in FP ¢broblast^epithelial interac-
tions, thus highlighting the utility of the HF as a model to
Figure 5. Schematic representation of the AP-2a IR during successive stages of the HF cycle in adolescent skin. Red cells represent a high level
of AP-2a expression. Pink cells represent a moderate or low level of AP-2a expression. hg, hair germ; l-irs, lowermost portion of ascending IRS; tk,
trichilemmal keratinization in the zone of club hair formation.
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explore the role of AP-2a in the complex epithelial^mesenchy-
mal interactions.
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